Abstract: Attempts were made to plasma deposit an oriented π-conjugated polymer of pyrrole (Py) on paper surfaces in order to produce electrically conductive layers. The N/C atomic ratio of 0.13 − 0.24 was observed for all treatment conditions. This implies the nature of the deposition formed on the paper surface via pulsed plasma is different from that of pyrrole monomer. An increase in conductivity of all pyrrole-plasma treated papers was observed. The 50 W RF-power with 5 min plasma exposed paper sample shows 8.15 × 10 −9 S·cm −1 conductivity. The conductivity measurements indicated a plasmaenhanced ring-opening reaction mechanism of pyrrole.
Introduction
For inorganic semiconductors, the mechanism of charge generation from incident photons is well established. Since those are typically crystalline solids, their electronic structure can be described with energy bands. However, the charge conduction mechanism appears to be more complex for conjugated polymers than for inorganic semiconductors.
Conjugated polymers have a framework of alternating single and double C-C, C-S or C-N bonds. The characteristics of the π-bonds are the source of the semiconducting properties of these materials. The difference in energy between the π orbital and an anti-bonding π * orbital produces the band gap that determines the electrical and optical
properties of the material [1] .
Since the first highly conducting organic polymer (polyacetylene) was prepared in the 1970s, extensive studies have already been reported regarding organic conjugated polymers such as: polythiophene [2] , polyaniline [3] and polypyrrole [4] for their possibilities for use in electrical devices. There is growing interest in conjugated polymers for the development of electrically conductive materials. Some organic conjugated oligomers and polymers to date have been proposed as active semiconducting layers for organic-base devices, such as thin film transistors, sensors, batteries, molecular wires or light-emitting diodes [1] [2] [3] [4] .
Because of its high electrical properties and long term environmental stability, polypyrrole (Ppy) is one of the most extensively studied organic conjugated polymers. It has already been characterized for certain purposes such as: biomedical applications [5] , pH sensing devices [6] , conducting textiles [7, 8] and for membranes from aqueous solutions [9] .
Ordinary paper based products are electrically non-conductive substrates. The development of electric properties for these materials would be important for many modern technologies and new uses, including security purposes, sensors, and high performance special products.
Plasma processing is a recent technology and has gained acceptance for applications to a wide range of materials from nanoparticles to polymeric materials. It is a dry technique and may solve many of the problems which are associated with conventional solvent processes.
The π-conjugated systems along the main chain have been reported to be an effective electrically conductive layer [10] . However, it is not easy to prepare specific polymers such as heterocyclic polymers due to sensitive chemical groups. It has been proposed that pulsed plasma interactions with substrates result in higher retention of the monomer structure compared with continuous wave (CW) plasma polymerization [11] . Since pulsing the plasma excitation varies the degree of ion bombardment, film and gas phase composition can be better controlled in pulsed glow discharge.
Extensive studies have already been reported on the CW plasma treatments for synthetic polymers and fabrics. However, there has been limited research on pulsed RFplasma exposure of paper based products.
A conventional method was reported to form the pyrrole polymer on a substrate such as paper by soaking it in liquid pyrrole with specific environment [12] . Johnston et al. [13] proposed conducting products could be prepared by polymerizing pyrrole directly onto the paper sheet using ferric chloride as the oxidant. At present, however, there is no ideal plasma method available to produce electrically conducting paper with pyrrole. In the present study, the feasibility of an RF pulsed plasma technique for pyrrole depositions was evaluated. Novel routes were investigated for deposition of the conjugated heterocyclic chemical, pyrrole, as a macromolecular thin layer on paper via a pulsed RF-glow discharge approach. It was believed that the pulsed plasma technique would significantly extend the range and scope of surface tailoring available via plasma modification.
Experimental
Bleached paper (cellulose) was used as substrate. Pyrrole was provided by Aldrich Chemical Company (Aldrich Co. Milwaukee, WI) with a purity of at least 99%. It was used as received.
A capacitively coupled, parallel plate static RF-cold plasma reactor with a power source of 13.56 MHz frequency was used in all experiments. In this reactor, the parallel electrodes create a uniform electric field, determined by the size of the electrodes. The RF power is better controlled in pulsed discharges and the sheaths disintegrate periodically. The electron density decreases quickly during the turn-off and it becomes easier to reverse the electric field direction and extract ions.
The effects of various duty cycle levels (10% to 90%) on pyrrole structure were determined. The duty cycle of 30% gave the best results. For that reason, the pyrrole deposited papers were compared on this level only.
Paper samples were subjected to pyrrole-plasma modification at RF-power of 10 − 50 Watts and treatment times of 1 − 10 minutes, respectively. In order to remove contaminants from previous experiments, the reactor was cleaned using an oxygen and argon discharge (100 W, 300 mTorr, and 5 min). The schematic diagram of the plasma reactor is presented in Figure 1 .
Surface chemical composition of paper samples was evaluated by a Perkin-Elmer (PHI) 5400 X-ray photoelectron spectrometer (XPS, Perkin-Elmer Corporation, Norwalk, CT). Samples were mounted on double-sided polymeric adhesive tape. Typical pressures during analysis were between 10 −9 and 10 −8 mTorr.
The DC conductivity was measured with the four probe method. An electric current is connected to two of the electrodes and the voltage difference is then measured between the electrodes. The conductivity (δ) is calculated from the van der Paul equation:
where I is the measured current, V is the voltage drop, and d is the thickness of the deposited pyrrole layer on the paper. The surface microtopography of paper samples was studied by scanning electron microscopy (SEM). For analysis, paper samples were allowed to air dry on the aluminum stubs, and then coated with 40% gold and 60% palladium. The selected samples were photographed with a Hitachi type 450 SEM.
The thickness of the deposited film was determined with high senstivity measuring of the cross sections of deposited layers from SEM micrographs. The thickness of the deposited layer was calculated by estimating its ratio against a layer of known thickness Thickness of the deposited thin films ranged from 1.5 to 2.5·10 −3 cm, which corresponded to a ratio of 1:35 to 1:60 as compared to the total paper thickness (9.0 · 10 −2 cm).
The angle resolved XPS is used as a reference to check SEM performance on deposited layer measurements. It was confirmed that the pyrrole deposited layer was homogeneous in elemental composition for the effective XPS sampling depth for the deposited layer on the paper surface, and was thicker than 10 nm.
An ATI-Mattson research Series IR spectrometer was used to evaluate the chemical groups on the plasma functionalized paper surfaces. It was equipped with a GRASEBYSpecial Benchmark Series ATR in-compartment P/N 11160 unit. 
Results and Discussion
The deposition of pyrrole molecules on the paper by RF-glow discharge is proved by the presence of the N 1s peak at 400 eV binding energy in the XPS spectra (Figure 2 ). It appears that pyrrole molecules have been successfully introduced on to paper and consisted mainly of carbon (C 1s ), nitrogen (N 1s ) and oxygen (O 1s ). The concentration of nitrogen detected on paper was dependent on the plasma expo-sure conditions. Relatively large variations in the composition of the deposited film-like layer were observed by changing the plasma parameters. A comparative summary of the surface atomic compositional changes with the parameters of plasma treatment (various RF-powers and treatment times) is shown in Table 1 . In general, a short treatment time of 1 min provides effective implantation of nitrogen (8.8 − 17%). It is notable that after the nitrogen concentration reached a maximum, it decreased with increasing further treatments. Quantification of XPS spectra allowed the determination of oxygen-to-carbon (O/C) and nitrogen-to-carbon (N/C) atomic ratios. It was observed that the O/C ratio depended on the RF-power (Figure 3 ). It seems that the decrease of the O/C ratio is inversely related to the pyrrole deposition on the surface (Figure 3 and Table 1 ). This is probably due to either thin film formation and/or ablative etching effects of the low pressure plasma environments.
Fig. 3 RF-power effect on surface O/C atomic ratio change
Suzer et al. [14] proposed that the carbon-to-nitrogen ratio for polypyrrole (Ppy) could be used as an indication of the preservation of the monomer in the deposited layer. The N/C ratio close to 0.25 would indicate the monomer was incorporated in the polymer without much damage. The N/C ratio of pyrrole deposited paper appears to be well correlated with RF power (Figure 4 ). Low power inputs with short treatment times should result in a low degree of fragmentation of pyrrole in the plasma environment, considering the fact that deposition is only taking place when plasma is generated. However, it was realized that the N/C atomic ratios were between 0.12 − 0.24 for all conditions. This clearly implies the newly formed thin deposited layer has relatively less nitrogen than the starting pyrrole monomer. This is somewhat surprising considering the very mild pulsed plasma processing for the paper substrate (eg, 10 W and 1 min). It is noteworthy that after the N/C concentration reached a maximum, it decreased on further treatment. The electrical conductivity of untreated paper was 2.32·10 −10 S·cm −1 which is very low and it is in the insulator range. After treatment some pyrrole oligomers were expected to be retained in the surface layer affecting the electrical conductivity. In fact, the electrical conductivity of all pyrrole plasma treated papers increased as shown in Figure 5 . The closest N/C ratio (N/C: 0.24) corresponding the smallest pyrrole to monomer ratio was found at 50 W and plasma treatment for 1 min. However, even in this case the electrical conductivity was 1.6 · 10 −9 S·cm −1 . At RF-power of 50 W and at treatment time of 5 min, the plasma exposed paper sample showed approximately 35 times better electrical conductivity than the plain paper (2.32·10 −10 S·cm −1 vs 8.15·10 −9 S·cm −1 ). This could be explained as some chain alignment of the polymer leading to the increase of conjugation length and thus, to increased conductivity. Surface N/C ratio dependent conductivity measurements show close relationship between these two parameters, as can be seen in Figure 4 and 5, respectively. However, the measured conductivity values were lower than those of semiconductors.
Since conductivity is associated with a well-ordered defined chemical structure of polypyrrole, this low conductivity was most probably caused by some loss of heterocyclic structure under the plasma environment. The relatively low conductivity may also be due to defects of various kinds such as cross-links between chains and bends that are common in polymers and cause nonlinear behavior in some thin conductive films. It was proposed by Tanaka et al. [15] and Tanaka and Yamabe [16] that the electrical conductivity of conjugated systems could be influenced by many factors. According to their reports, the high conductivities are usually associated with a well-ordered chemical structure, while the low conductivities are usually associated with a degraded structure [15, 16] . Futhermore, since paper is composed of randomly laid fibres, it is probably impossible to impart sensitive heterocyclic groups and continuous layers on its surface by plasma polymerization.
It has been reported by Cvetkovska et al. [17] that the behavior of conjugated polymers (i.e. polypyrrole) was dramatically changed by chemical doping (i.e. iodine), since the non-conductive conjugated polymers became conducting. Hence, pyrrole deposited paper samples were ex-situ doped by iodine for five hours. Conductivities of iodine-doped and pyrrole treated papers are presented in Table 2 . Table 2 Comparative electrical conductance of iodine doped (PyI) and non-doped (Py) pyrrole plasma treated paper. Both undoped and iodine doped RF pulsed plasma treated samples show higher electrical conductivity compared with untreated paper. The measured conductivities (PyI) range from 2.73 · 10 −10 S·cm −1 to 1.01 · 10 −9 S·cm −1 ; however, the lower conductivities are measured for iodine-doped samples. This is very likely due to the unstable nature of the charge transfer complex with the dopant (iodine) resulting in a greater ease of diffusion of the iodine from the film. These results are in good agreement with those reported for plasma polymerization of pyrrole by Cruz et al. [18] and Wang et al. [19] . Moreover, it was proposed by Wang and his group [19] that the structures of plasma polymerized pyrrole are rather different from those of the polymers synthesized by conventional chemical methods, due to a higher degree of crosslinking and branching reactions in plasma polymerization.
Subramanian et al. [20] reported that the processing of polypyrrole (Ppy) was very difficult due to its insolubility and infusibility. According to Cruz and coworkers [18] , nondoped and iodine-doped (Ppy/I) plasma polymerized Ppy films showed several orders of magnitude difference due to hygroscopic behaviour.
The comparative IR spectra of untreated (a) and pyrrole plasma treated papers (b and c) are shown in Figure 6 . The existence of a absorption in the 2932 cm The predominant mechanism of reaction in the plasma depends on the energy level. If the discharge has a low energy, the mechanism of reaction tends to occur predominantly with free radicals but, if the energy increases to higher levels, the mechanism becomes ionic [22] . No matter which mechanism predominates, both are always present in RFplasma. However, if the collisions continue with the polymer already formed, some bonds can break and the chains may branch by linking with the monomers. Apparently the conducting properties of plasma deposited pyrrole on paper are due probably to the geometrical structure of the underlying carbon backbone plus the carbon centered π-orbitals, and one may therefore conclude that the nitrogen atoms play only a secondary role in the improvement of electric conductance.
The morphology of the deposited layer was studied by SEM, in order to confirm the presence of Ppy film on paper surface (Figures 7 (a-c) ). The SEM micrographs typically indicate randomly laid networks and large amount of voids with unhomogeneous structure (Figure 7 a) . However, the image of deposited film (Figure 7 b) revealed that pyrrole is randomly deposited on the surface and within the inter-galleries of the host framework. The cross-section image of pyrrole plasma treated paper (Figure 7 c) show very thin deposited layer on paper surface. 
Conclusions
It is possible to deposite pyrrole like thin layers under pulsed plasma conditions. An increase in the conductivity of all pyrrole-plasma treated papers was observed. The closest to the pyrrole monomer N/C ratio (N/C = 0.24) was found at 50 W and at plasma treatment for 1 min. The paper sample exposed to plasma treatment at RF-power of 50 W for 5 min had an electrivcal conductivity of 8.15 · 10 −9 S·cm −1 . Conductivity measurements indicated the development of plasma enhanced ring-opening reaction mechanisms of pyrrole on the paper surface.
